Spinal metastases from RCC represent an important site for the application of SBRT, to optimize LC and prevent malignant epidural spinal cord compression. Although surgery can be performed up front for specific indications such as malignant epidural spinal cord compression or as salvage on progression after radiation, surgery can be associated with major risks including intraoperative hemorrhage. Surgery also has associated delays in its initiation with respect to performing preoperative embolization, and results in delays with respect to starting antiangiogenic targeted therapies for RCC postoperatively given the risk of wound complications. The latter may compromise patient outcomes with respect to survival. It is important to note that although targeted therapy for RCC has significant activity, bone metastases often do not respond, and their presence is an independent predictor of worse outcome. 4 Hence, aggressive local management to spinal metastases is justified even in the era of targeted systemic therapies for patients with metastatic RCC.
The field of spine SBRT is rapidly emerging into mainstream practice; however, it is still considered investigational and not without risk-serious toxicities such as radiation-induced myelopathy and vertebral compression fracture (VCF) have been reported. 16, 18, 19, 21, 22 Our spine SBRT technique has been evaluated for its precision, safe spinal cord dose tolerances for SBRT have been established, and the risk of VCF for a mixed cohort of patients has been reported. 9, 12, 19, 21 The aim of this investigation was to report our outcomes and toxicity in patients with RCC who had spinal metastases, with a focus on LC and the incidence of VCF. In addition, we applied the recently developed Spinal Instability Neoplastic Score (SINS) criteria 10 to determine its predictive value for SBRT-induced VCF.
Methods
We identified 71 spinal segments in 37 patients with RCC who had been treated with spine SBRT between October 2007 and August 2012; data were obtained from our prospective spine SBRT database. This retrospective review of clinical and dosimetric data was approved by our ethics review board. Our spine SBRT technique has been previously described in detail. In brief, patients were immobilized in the BodyFIX system (Elekta AB) for spinal segments below the T-3 spinal level. For cervical and upper thoracic spinal segments (up to the T-2 spinal level), patients were immobilized in a thermoplastic head and shoulder mask. The treatment planning CT scan was performed with a slice thickness of 1 mm, and 1.25-to 1.5-mm axial T1 and T2 volumetric MRI sequences, comprising at least 1 spinal level above and below the target volume, were fused to the CT. For patients with contraindications to MRI, or in postoperative patients with sufficient MR-induced artifacts that compromised image quality, a treatment planning CT myelogram was performed.
The clinical target volume (CTV) was based on an anatomical concept consistent with recently published guidelines. 8 We applied a 2-mm planning target volume (PTV), and for the spinal cord a 1.5-mm planning organ at risk volume (PRV) was applied. For the cauda equina, the thecal sac alone was contoured. We applied published dose limits to the critical neural structure including the cord PRV and/or thecal sac. 19, 21 Treatment was delivered using the Elekta Axesse (Elekta AB, Stockholm, Sweden) equipped with a 4-mm multileaf collimator, Hexapod robotic couch, and cone-beam CT (CBCT) image guidance system. Our delivery system and CBCT approach has been evaluated and its precision reported on. Our image guidance protocol has also been previously reported. 12 In brief, the initial patient positioning is verified on the basis of a second CBCT postshift (verification CBCT pre-SBRT) with a tolerance for repositioning of 1 mm and 1°. A midfraction and a posttreatment CBCT were also performed to determine intrafraction motion. For singlefraction SBRT, we perform 2 intratreatment CBCT scans due to the long treatment times (typically 60-70 minutes).
Local control was based on each spinal segment treated (a total of 71), and overall survival (OS) was calculated according to each patient treated (a total of 37). An oligometastatic state was defined as fewer than 5 sites of metastatic disease at the time of spine SBRT. Each patient was followed according to our institutional policy of a complete MRI sequence of the spine at 2-to 3-month intervals. All patients were treated and followed meticulously by a single radiation oncologist (A.S.). Local progression was determined based on the radiologist's interpretation of the MR images. In cases in which it was unclear if MR signal changes within the bone were secondary to radiation or disease progression, 2 successive MRI evaluations showing enlarged dimensions of the T1 signal abnormality were required for progression. Increased epidural disease or enlargement of paraspinal disease was documented as progression. All MR images were retrospectively reviewed to evaluate the exact pattern of local recurrence and to classify the epidural tumor extent according to the grading scale proposed by Bilsky et al. 5 Both the initial treatment planning CT and MRI were reviewed to score patients according to SINS. 10 In brief, SINS breaks down radiological and clinical characteristics according to 6 criteria: 1) location; 2) pain; 3) type of bone lesion (lytic, mixed, or blastic); 4) spinal alignment; 5) presence of a VCF at baseline; and 6) involvement of the posterior spinal elements (spinous process, lamina, pedicle). 10 A final score classifies the patient as stable, potentially unstable, and unstable. Our interest was in the predictive value of each of the criteria. Data for 61 sites that did not receive operative intervention were used to assess the predictive values of the SINS criteria for outcome.
Statistical Analysis
Summary statistics are provided, with frequency and proportion for categorical factors; median and range are given for continuous risk factors. Group-specific LC, OS, and the fracture-free probabilities and confidence intervals were calculated from the start of SBRT, using the Kaplan-Meier method. Univariate analyses were performed using the Cox proportional hazard regression model, and hazard ratios (HRs) and corresponding confidence limits were calculated. Two-sided tests were used, with the significance level set at 0.05. Multivariate models were conducted using the stepwise selection procedure. Statistical analyses were performed using version 9.3 of the SAS system and also the R software version 2.14.0.
Results

Baseline Patient, Tumor, and Treatment Characteristics
Among the 37 patients with RCC, 34 (92%) had a prior nephrectomy, and the median interval between the initial diagnosis of RCC and spine SBRT treatment was 26.6 months (range 0.4-189 months). The median age was 63 years (range 33-82 years). Twenty-five patients (68%) were male, 12 (32%) were female, and 13 patients (35%) had oligometastatic disease. The Eastern Cooperative Oncology Group performance status was 0 in 1 (3%), 1 in 25 (67%), and 2 in 11 (30%) patients. Neurological status according to the American Spinal Injury Association (ASIA) scale was normal (ASIA E), except for 1 patient with partial motor loss of function below the neurological level (ASIA D), and another patient had sensory dysfunction secondary to bilateral neural foramina invasion at the level of L-1 but no motor compromise.
Other baseline tumor and treatment characteristics for the 71 spinal metastatic segments are presented in Table 1 . Eleven of 71 segments (15%) were previously irradiated with 1 prior course of palliative radiotherapy (8 Gy in 1 fraction, n = 1; 20 Gy in 5 fractions, n = 3; and 30 Gy in 10 fractions, n = 7). The median interval between the first radiotherapy course and SBRT was 16 months (range 5.5-56.4 months).
Of the 7 of 71 segments (10%) with epidural disease compressing the spinal cord (Bilsky Grade 2), 4 underwent surgery, but 3 of the 7 were not surgical candidates due to medical comorbidities or disease that was too extensive. These 3 segments were treated with SBRT alone.
Of the 17 of 71 segments (24%) with a baseline VCF, 3 segments with > 33% loss of vertebral body height were surgically stabilized before SBRT; 1 of the 14 segments that had ≤ 33% loss of height also had a stabilization procedure pre-SBRT, but the majority of segments (13 of 14) that had ≤ 33% collapse were treated with SBRT alone.
For the 10 postoperative SBRT cases, surgery consisted of stabilization alone in 2 of 10 segments, decompression without stabilization in 4 of 10 segments, and decompression with instrumented stabilization in 4 of 10. The SINS baseline characteristics of the 61 spinal segments treated with SBRT alone are summarized in Table 2 .
The median total dose and number of fractions were 24 Gy (range 18-30 Gy) and 2 (range 1-5), respectively. The median volumes of the CTVs receiving 80% and 90% of the prescribed dose were 91.8% (range 64.2%-99.8%) and 87% (range 56.2%-99.5%), respectively. The median volumes of the PTVs receiving 80% and 90% of the prescribed dose were 88.8% (range 57%-99.7%) and 84.1% (range 47.8%-98.8%), respectively. The median spinal cord PRV and thecal sac maximal point doses, normalized in biologically equivalent doses in 2-Gy fractions (nBED or also called EQD 2 when using an a/b ratio of 2), were 28.41 Gy 2 (range 0.02-59.58 Gy 2 ; n = 53 spinal cord segments) and 37.76 Gy 2 (range 1.65-201.22 Gy 2 ; n = 71 thecal sac segments), respectively. The median follow-up after SBRT was 12.3 months (range 1.2-55.4 months).
Overall Survival and Local Control
The 1-and 2-year rates and median OS duration were 64.1%, 45.6%, and 1.5 years, respectively. Multivariate analysis identified oligometastatic disease (13 of 37 patients [35%]) versus widespread metastatic disease as the only significant prognostic factor for OS (HR 0.25, 95% CI 0.08-0.79, p = 0.018; Fig. 1 ).
Local progression was observed in 12 of 71 spinal segments. The 1-and 2-year LC rates were 83.4% and 66.2%, respectively (Fig. 2) . Among the 12 segments with recurrence, the median time to local recurrence was 11. 
Adverse Events
In total, 10 VCFs were observed post-SBRT in the 61 (16%) nonsurgical spinal segments; 3 of 10 were de novo VCFs and 7 of 10 were progression of an existing VCF. The 1-year rate for freedom from any VCF was 82%, and the median time to SBRT-induced VCF among these 10 cases was 47.5 days (range 1-237 days). Ultimately, 6 of 10 remained asymptomatic and were observed, and 4 of 10 required a stabilization surgery. Table 2 presents a summary of those with and without a VCF according to each of the SINS criteria at baseline. Based on SINS, 3 were unstable, 21 were potentially unstable, and 37 were stable. Analysis of baseline patient, tumor, and treatment factors (as summarized in Tables 1  and 2 ) identified on the multivariate model determined that single-fraction SBRT (HR 5.03, 95% CI 1.19-21.28, p = 0.028) and presence of a baseline VCF (HR 9.25, 95% CI 1.64-52.31, p = 0.012) were the 2 significant predictors of subsequent VCF post-SBRT. At 1 year post-SBRT, the risk of developing a VCF was 9% for multiple fractions (20-30 Gy in 2-5 fractions) versus 25% for single-fraction SBRT (18-24 Gy in 1 fraction), and 7% versus 59% for intact baseline segments compared with segments with a preexisting VCF (Fig. 3) . Figure 4 shows an example of fracture progression. With respect to non-VCF events, no acute or late Grade 3-5 toxicities were observed.
Residual Setup Error and Intrafraction Motion
We observed intrafraction motion of 1.25 mm and 0.56° for single-fraction SBRT cases (25 segments) and 0.91 mm and 0.66° for multiple-fraction SBRT cases (34 segments), with 95% confidence. When comparing single-versus multiple-fraction SBRT residual errors, there were no significant differences. In addition, there was no significant difference between the verification, intrascan, and postscan residual setup errors.
Discussion
In this paper we report our favorable SBRT experience for spinal metastases specific to RCC. Metastases from RCC have long been considered radioresistant, and strategies to escalate doses in spinal lesions have been limited by both delivery and treatment planning technology. However, our data demonstrate that SBRT is an advanced radiotherapeutic technique that has matured beyond lung and liver indications to the treatment of both primary and metastatic spinal tumors. 20 Our results conclude a 1-year actuarial LC rate of 83.4%, and this is consistent with the limited spine-specific SBRT RCC literature as summarized in Table 3 .
3,11,15
With respect to predictors of LC, none of the baseline clinical and dosimetric predictors investigated (Table 1) were predictive on univariate analysis. This may be due to the limited sample sizes of individual series and the low event rate. Although minimum target dose and degree of epidural disease have been reported as predictors in various series, there has been no consistent predictive factor to guide treatment planning. 1, 7, 13 With respect to OS, the majority of patients died within the follow-up period (21 of 37, 57%). Our analysis identified a significantly prolonged survival in patients with oligometastatic disease compared with patients with more widely disseminated disease (Fig. 1) . The 1-year OS rate was 83.9% in patients with oligometastatic disease versus 52.5% for patients with nonoligometastatic disease. This suggests that patients with oligometastatic disease will probably live long enough to benefit from the high rates of prolonged LC resulting from SBRT. In addition, this result supports the recommendation that patients with oligometastatic disease are candidates for spine SBRT as per the American Society for Radiation Oncology evidence-based guideline for bone metastases.
14 It is important to note that this therapy represents a major undertaking for radiotherapy departments 20 and is associated with major risks of pain flare, 6 radiation myelopathy, 19, 21 and VCF. 9, 16, 22 To date, there are no randomized controlled trials comparing spine SBRT to standard conventional palliative radiotherapy.
We observed no case of radiation myelopathy. We attribute this to compliance with published guidelines for spinal cord tolerance for both the radiation-naive patients and the ones treated with repeat irradiation. 19, 21 However, our 1-year VCF-free rate was 82%, with a median time to VCF of 1.6 months. These data are consistent with previous reports 22 and with the RCC spine SBRT series reported by Balagamwala et al. 3 (Table 3 ). We performed a detailed analysis to determine predictors of VCF based on clinical and dosimetric factors as summarized in Table  1 and the SINS-specific factors as summarized in Table  2 . We identified single-fraction treatment with 18-24 Gy and the presence of a baseline VCF as significant predictors of subsequent VCF.
The presence of a preexisting fracture as a predictor of subsequent fracture makes biomechanical sense, 22 as confirmed in a recent large multiinstitutional study evaluating VCF and spine SBRT reported by Sahgal et al. 16 (the 61 non-postoperative patients in this paper were part of Gy/fraction and HR 5.25 for ≥ 24 Gy/fraction relative to patients treated with ≤ 19 Gy/fraction). This is consistent with our result in which 18-24 Gy delivered in a single fraction yielded higher rates of VCF. Radiation necrosis is thought to be a factor in the pathomechanism as reported by Al-Omair et al., 2 and it is well known that the normal tissues are sensitive to dose per fraction.
With respect to lytic disease, we observed that almost all tumors (95%) were lytic in our study population and that all VCF occurred in these patients. There were only 3 mixed tumors in our cohort, no purely blastic tumors, and they did not fracture (Table 2) . It has been shown in the study by Sahgal et al. 16 that lytic disease is indeed a powerful predictor of fracture. That study also concluded that spinal misalignment is predictive; the majority of patients had a kyphotic deformity. In our analysis, because the majority of tumors were lytic (95%), we didn't have the variability in tumor type to show significance. Furthermore, our patient population predominantly consisted of those with normally aligned spines (90%). Therefore, our finding that baseline fracture and high dose per fraction SBRT are independent predictors of fracture could be considered specific to patients with lytic tumors and normal spinal alignment.
The major strengths of this study are the rigorous imaging and clinical follow-up, identification of consecutive patients treated from a prospective database created since the program's inception, and all patients treated by a single dedicated radiation oncologist (A.S.). The major limitation is the lack of pain outcome assessments performed using a validated instrument. However, when evaluating the 3 published series on RCC spinal metastases treated with spine SBRT (Table 3) , high rates of pain relief have been reported. The first report, by Gerszten et al., 11 focused mainly on pain control and reported pain relief in 34 of 38 patients (89%) treated primarily for pain. Their crude LC rate was 88%. D. Anderson series used the Brief Pain Inventory to document pain and reported complete response rates for pain in approximately 40%-50% of patients at 6 months. Our clinical observation has been similar, and such high rates of complete response may be the major advantage for spine SBRT, given that rates of complete response with conventional radiation for spine-specific metastases are largely disappointing.
With respect to our pattern of failure analysis, we report epidural disease progression as the most common presentation of tumor progression post-SBRT. This is consistent with the literature 17 and a result of inherently aggressive tumor biology, relative underdosing to respect spinal cord tolerance, the dose prescribed, or lack of coverage within the epidural space within the CTV/PTV. In our series neither the absolute spinal cord and thecal sac dose nor their respective biologically effective doses predicted for LC, and none of the dosimetric parameters were predictive. Furthermore, Al-Omair et al. reported that 24 Gy in 1-2 fractions predicted for better LC in the postoperative patient, and that was our most common approach. 1 With respect to coverage by the target volume, on radiological review of each case of failure, only 1 case of epidural disease progression could be attributed to marginal miss. Therefore, at this time we surmise that the biology of the disease is a major factor governing failure, and aggressive management to debulk epidural disease with surgery should be considered on a case-by-case basis. This is best described in a recent analysis, in which the presence of high-grade epidural disease predicted for LC, and surgical downgrading by removing the epidural tumor improved LC post-SBRT. 
Conclusions
We report favorable rates of local tumor control with SBRT, specifically in RCC spinal metastases, with a median dose of 24 Gy in 2 fractions. Patients with oligometastatic disease were most likely to benefit given their likelihood of longer-term OS, and this can aid in patient selection for this emerging technique. Although our rate of VCF was clinically acceptable at 16%, in patients with a baseline VCF and/or treated with 18-24 Gy in a single fraction, careful clinical and imaging follow-up is warranted for fracture progression.
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* mets = metastases; NR = not reported; PFS = progression-free survival; pts = patients; RT = radiotherapy. 
